Abstract-This paper considers a dual-hop amplify-andforward (AF) relaying system where the relay is equipped with multiple antennas, while the source and the destination are equipped with a single antenna. Assuming that the relay is subjected to co-channel interference (CCI) and additive white Gaussian noise (AWGN) while the destination is corrupted by AWGN only, we propose three heuristic relay precoding schemes to combat the CCI, namely, 1) Maximum ratio combining/maximal ratio transmission (MRC/MRT), 2) Zeroforcing/MRT (ZF/MRT), 3) Minimum mean-square error/MRT (MMSE/MRT). We derive new exact outage expressions as well as simple high signal-to-noise ratio (SNR) outage approximations for all three schemes. Our findings suggest that both the MRC/MRT and the MMSE/MRT schemes achieve a full diversity of N , while the ZF/MRT scheme achieves a diversity order of N − M , where N is the number of relay antennas and M is the number of interferers. In addition, we show that the MMSE/MRT scheme always achieves the best outage performance, and the ZF/MRT scheme outperforms the MRC/MRT scheme in the low SNR regime, while becomes inferior to the MRC/MRT scheme in the high SNR regime. Finally, in the large N regime, we show that both the ZF/MRT and MMSE/MRT schemes are capable of completely eliminating the CCI, while perfect interference cancelation is not possible with the MRC/MRT scheme.
. Later, in the seminal work of [2] , Cover and El Gamal laid foundations to the information-theoretic understanding of the relay channel. The attention on relay channels was recently rekindled as a means to improve the coverage and link reliability in the context of cooperative wireless communications systems [3] . Various relaying methods have been proposed in the literature [3] , among which, the amplify-and-forward (AF) protocol is the most popular one, due to its simplicity and low-cost implementation. In AF systems, the relay simply forwards a scaled version of the received noisy signal from the source to the destination.
To improve the spectrum efficiency, future cellular systems are likely to adopt a more aggressive frequency reuse strategy, which will inevitably result in an interference-limited communication environment [4] . When the relay technology is adopted in cellular systems [5] , the interference environment becomes increasingly complex. Motivated by the need to understand the performance limitations, a number of works investigating the impact of co-channel interference (CCI) on the performance of relay systems have appeared. For example, [6] studied the performance of relay selection for AF systems with CCI. Assuming Rayleigh fading channels, [7] examined the outage probability of dual-hop fixed-gain AF relaying systems with an interference-limited destination, and [8] studied the outage probability and the average bit error rate of dual-hop variable-gain AF relaying systems with an interference-limited relay. Later, a scenario considering the more general Nakagami-m fading model was investigated in [9] [10] [11] . Moreover, different cases with CCI at both the relay and the destination nodes have been investigated in [12] [13] [14] . More recent works have also investigated the effect of CCI on single antenna two-way relaying systems for the decode-andforward protocol [15] and the AF protocol [16] . However, it is worth noting that all these prior works deal with the case where all nodes are equipped with a single antenna.
It is well known that the multiple-input multiple-output (MIMO) technology provides extra spatial degrees of freedom which can be efficiently utilized for interference cancellation. To this end, MIMO has been identified as one of the key enabling physical layer technologies in wireless standards such as LTE-Advanced and IMT-Advanced [17] . Despite the importance, so far only a few papers have investigated the 1536-1276/14$31.00 c 2014 IEEE impact of CCI in MIMO relaying systems [18] [19] [20] .
In this paper, we consider the scenario with multiple antennas at the relay, and single antenna at the source and destination. This particular system setup studied in the relay communication literature [18, 21] is applicable in several practical scenarios where two nodes (e.g., machine-to-machine type low cost devices) exchange information with the assistance of an advanced terminal such as a cellular base-station/clusterhead sensor. At this point, it is important to highlight the major differences between the current paper and state-ofthe art in the literature. Unlike [18] which only considered a single interferer, the current paper allows for arbitrary number of interferers at the relay node. Compared with [19] , which assumed an interference-limited single antenna relay, the current work considers a multiple antenna relay. Compared with [20] , which investigated the outage performance of the scenario with interference-limited multiple antenna relay, the current work considers the more general setup by taking into account of the effect of additive white Gaussian noise (AWGN) at the relay. More importantly, in contrast to [18] [19] [20] , where the simple maximum ratio transmission (MRT) and maximum ratio combining (MRC) schemes were used, the current paper adopts more sophisticated linear combining schemes to suppress the CCI.
In the presence of CCI, linear diversity combining schemes have been widely adopted in the multiple antenna systems because of the low complexity and good performance [22] . In the same spirit, in this paper we propose a heuristic twostage relay processing scheme, i.e., the relay first applies linear combining methods to suppress the CCI, and then forwards the transformed signal to the destination by using the MRT scheme. Three popular linear combining methods, i.e., MRC, zero-forcing (ZF) and minimum mean square error (MMSE), are investigated. To the best of the authors' knowledge, the analysis of diversity combining schemes for the suppression of CCI in dual-hop AF relaying systems has not been presented in the existing literature.
We present a detailed performance analysis of the considered MRC/MRT, ZF/MRT and MMSE/MRT schemes in Rayleigh fading channels. Our main contributions are summarized as follows:
• For the MRC/MRT scheme, we derive a new exact expression involving a single integral for the outage probability of the system, and present a tight closed-form outage lower bound. In addition, we obtain a simple high signal-to-noise ratio (SNR) outage approximation, and prove that the MRC/MRT scheme achieves a diversity order of N , where N is the number of antennas at the relay.
• For the ZF/MRT scheme, we first obtain the optimal combining vector maximizing the end-to-end signal-tointerference-and-noise ratio (SINR) subject to the ZF constraint, and then derive a new exact closed-form expression for the outage probability. We also characterize the high SNR outage behavior and show that it achieves a diversity order of N − M , where M is the number of interferers.
• For the MMSE/MRT scheme, we derive a new exact expression involving a single integral for the outage probability, and propose a tight closed-form outage lower bound. We also characterize the high SNR outage behavior of the MMSE/MRT scheme, and show that it achieves a diversity order of N .
• Our results suggest that the MMSE/MRT scheme always attains the best outage performance, and the ZF/MRT scheme outperforms the MRC/MRT scheme in the low SNR regime, while the MRC/MRT scheme achieves a superior outage performance than the ZF/MRC scheme in the high SNR regime.
• We also look into the large N regime, 1 and demonstrate that in this case, both the ZF/MRT and MMSE/MRT schemes are capable of completely eliminating the CCI, while perfect interference cancelation is not possible with the MRC/MRT scheme. The remainder of the paper is organized as follows: Section II introduces the system model. Section III presents a detailed investigation of the outage probability achieved by the three different schemes. Numerical results and discussions are provided in Section IV. Finally, Section V concludes the paper and summarizes the key findings.
Notation II. SYSTEM MODEL Let us consider a dual-hop multiple antenna AF relaying system as illustrated in Fig. 1 , where both the source and destination are equipped with a single antenna, while the relay is equipped with N antennas. We consider the scenario where the relay is subjected to M independently but not necessarily identically distributed co-channel interferers and AWGN, while the destination is corrupted by AWGN only. 2 We also assume that the direct link between the source and the destination does not exist due to obstacles or path loss attenuation/severe fading [27] .
In this paper, we consider half-duplex relaying, and hence a complete transmission occurs in two phases. During the first phase, the source transmits the signal to the relay, and the signal received at the relay is given by In the second phase, the relay node transmits a transformed version of the received signal to the destination, and the signal at the destination can be expressed as
where h 2 is a 1 × N vector and denotes the channel for the relay-destination link, and its entries follow i.i.d. CN (0, 1), n 2 is the AWGN with E{n * 2 n 2 } = N 0 , W is the transformation matrix at relay node with E{ Wy r 2 F } = P r . Combining (1) and (2), the end-to-end SINR of the system can be computed as
The optimal relay precoder matrix W maximizing the end-toend SINR γ does not seem to be analytically tractable, due to the non-convex nature of the problem. Hence, in this paper, we propose a heuristic two-stage relay processing strategy, i.e., the relay first performs some linear combining method to suppress the CCI, and then forwards the transformed signal to the destination using the MRT scheme since it maximizes the SNR of the relay-destination link. Therefore, the heuristic relay precoder W is a rank-1 matrix, i.e., W = ω
where ω is the power constraint factor,
is used for matching the second hop channel and w 1 is a 1 × N linear combining vector, which depends on the linear combining scheme employed by the relay and will be specified in the following section.
III. OUTAGE PROBABILITY ANALYSIS
In this section, we investigate the outage probability of the MRC/MRT, ZF/MRT and MMSE/MRT schemes. New exact analytical expressions are derived for the outage probability of all three schemes. In addition, simple high SINR approximations are presented, which provide a concise characterization of the achievable diversity order of the system, and enable a performance comparison of the three schemes.
The outage probability is an important performance metric, which is defined as the instantaneous SINR falls below a predefined threshold γ th . Mathematically, it can be expressed as
A. MRC/MRT Scheme
For the MRC/MRT scheme, w 1 is set to match the first hop channel, hence,
To meet the transmit power constraint at the relay, the constant ω 2 can be computed as
Therefore, the end-to-end SINR for the MRC/MRT scheme, γ MRC can be expressed as (6) . Now, with the end-to-end SINR given in (6), we are ready to establish the outage probability of the MRC/MRT scheme. For notational convenience, we define
We have the following key result.
Theorem 1: In the presence of interferers at the relay, the outage probability of the dual-hop AF relaying system with the MRC/MRT scheme can be expressed as
with
Proof: See Appendix A-A. Theorem 1 presents the exact outage probability of the MRC/MRT scheme, which is quite general and valid for the system with arbitrary number of antennas and interferers. For the special case with a single interferer, Theorem 1 reduces to the result derived in [18, Theorem 13] . To the best of the authors' knowledge, the integral I does not admit a closedform expression. However, this single integral expression can be efficiently evaluated numerically using software such as Matlab or MATHEMATICA, which still provides computational advantage over a Monte Carlo simulation method.
Alternatively, we can use the following closed-form lower bound of the outage probability, which is tight across the entire SNR range, and becomes exact in the high SNR regime.
Corollary 1: In the presence of interferers at the relay, the outage probability of the dual-hop AF relaying system with (8) the MRC/MRT scheme is lower bounded by
Proof: See Appendix A-B. While Theorem 1 and Corollary 1 provide efficient methods for evaluating the exact outage probability of the system, these expressions are quite complicated, and do not allow for easy extraction of useful insights. Motivated by this, we now look into the high SNR regime, and derive a simple approximation for the outage probability, which enables the characterization of the achievable diversity order of the MRC/MRT scheme.
Theorem 2: In the high SNR regime, i.e., ρ 2 = μρ 1 , ρ 1 → ∞, with μ being a finite constant, the outage probability of dual-hop AF relaying system with the MRC/MRT scheme can be approximated as
Proof: See Appendix A-C. For the special case where {ρ Ii } are equal, i.e., ρ Ii Δ = ρ I for any i, (10) reduces to
Theorem 2 indicates that the MRC/MRT scheme achieves a diversity order of N . Moreover, it implies that the number of interferers does not affect the achievable diversity order, it however, causes a detrimental effect on the array gain. This key observation suggests that, in the presence of strong CCI, the outage performance of the MRC/MRT scheme will be significantly affected. Hence, in such a scenario, the MRC/MRT scheme may not be suitable. Motivated by this, we now study the performance of more sophisticated linear combining techniques with superior interference suppression capability, namely, the ZF/MRT scheme and the MMSE/MRT scheme.
B. ZF/MRT Scheme
In the ZF/MRT scheme, the relay utilizes the available multiple antennas to completely eliminate the CCI. 3 To ensure this is possible, the number of the antennas equipped at the relay should be greater than the number of interferers. Hence, for the ZF/MRT scheme, it is assumed that N > M.
as the interference channel matrix, the SINR expression in (3) can be alternatively expressed as
Hence, the optimal combining vector w 1 should be the solution of the following maximization problem
The problem in (13) can be solved as follows: Proposition 1: The optimal combining vector w 1 is given by
where
Having obtained the optimal combining vector w 1 , the endto-end SINR can be expressed as
With the above SINR expression, we now study the outage probability of the ZF/MRT scheme.
Theorem 3:
In the presence of interferers at the relay, the outage probability of the dual-hop AF relaying system with the ZF/MRT scheme can be expressed as
Proof: We start by expressing the end-to-end SINR given in (15) as
F and y 3 = h † 1 Ph 1 . From [31] , the probability density function (p.d.f.) of y 3 can be expressed as
Hence, the outage probability of the ZF/MRT scheme can be written as
To this end, invoking the result of [18, Lemma 3] yields the desired result.
Theorem 3 provides an exact closed-form expression for the outage probability of the ZF/MRT scheme. This expression only involves standard mathematical functions and hence, can be efficiently evaluated. To gain further insights, we now look into the high SNR regime, and present a simple and informative approximation for the outage probability.
Theorem 4:
In the high SNR regime, i.e., ρ 2 = μρ 1 , ρ 1 → ∞, the outage probability of the dual-hop AF relaying system with the ZF/MRT scheme can be approximated as
Proof: See Appendix B-B.
As expected, we see that the interference power does not affect the outage probability of the ZF/MRT scheme. It is also interesting to observe that μ does not affect the outage probability at high SNR. In addition, Theorem 4 indicates that the achievable diversity order of the ZF/MRT scheme is N − M . Compared with the MRC/MRT scheme, which attains a diversity order of N , the ZF/MRT scheme incurs a diversity loss of M . This important observation suggests that complete elimination of CCI may not be the best option in terms of the outage performance.
C. MMSE/MRT Scheme
The ZF scheme completely eliminates the CCI at the relay, which however may cause an elevated noise level. In contrast, the MMSE scheme does not fully eliminate the CCI, instead, it provides the optimum trade-off between interference suppression and noise enhancement. In the following, we study the outage performance of the MMSE/MRT scheme. To make the analysis tractable, we assume that ρ Ii ≡ ρ I , ∀i = 1, 2, . . . , M. It is important to note that the equal interference power assumption adopted to simplify the ensuing analysis is of practical interest as well. For example, it applies when the interference sources are clustered together [29] or when the interference originates from a multiple antenna source implementing an uniform power allocation policy. In addition, we will later illustrate numerically that our analytical results provide very accurate approximations to the outage probability for scenarios with distinct interference power.
According to the principle of MMSE [30] , w 1 is given by
Also, in order to meet the power constraint at the relay, we have
Therefore, the end-to-end SINR can be expressed as
In order to study the outage probability, the remaining task is to characterize the distribution of γ MMSE . However, the involved SINR expression given in (23) is difficult to handle. Hence, we first express the SINR as
where Z is defined as
Now, let us focus on Z for the moment. The distribution of the random variable Z has been studied in [30] , where an exact cumulative distribution function (c.d.f.) expression was presented. However, the final expression is a piecewise function, which is not amenable to further processing, and does not seem to be useful here. To circumvent this difficulty, we first derive an alternative unified expression for the c.d.f. of Z. Proposition 2: The c.d.f. of the random variable Z can be expressed as in (26) shown on the top of the next page, where
Proof: See Appendix C-A. Having obtained the c.d.f. expression of Z, we are now ready to study the outage probability of the MMSE/MRT scheme, and we have the following key result.
Theorem 5: In the presence of interferers at the relay, the outage probability of the dual-hop AF relaying system with the MMSE/MRT scheme can be expressed as in (27) shown on the top of the next page, where I 1 (γ th ) can be written as in (28) also shown on the top of the next page.
Proof: See Appendix C-B. To the best of the authors' knowledge, the integral I 1 does not admit a closed-form expression. Nevertheless, this single integral expression can be efficiently evaluated numerically. Alternatively, we can use the following closed-form lower bound, which is tight across the entire SNR range, and becomes exact in the high SNR regime.
Corollary 2: In the presence of interferers at the relay, the outage probability of the dual-hop AF relaying system with the MMSE/MRT scheme is lower bounded by Proof: See Appendix C-C. Having obtained the exact outage probability of the MMSE/MRC scheme, we now look into the high SNR regime, and derive simple analytical approximations for the outage probability of the system. Theorem 6: In the high SNR regime, i.e., ρ 2 = μρ 1 , ρ 1 → ∞, the outage probability of the dual-hop AF relaying system with the MMSE/MRT scheme can be approximated as
where A = 2)], we can easily obtain the desired result from Corollary 2 after some simple algebraic manipulations.
Theorem 6 indicates that the MMSE/MRT scheme achieves a diversity order of N , the same as the MRC/MRT scheme. Since the MMSE/MRT scheme in general needs more CSI compared with the MRC/MRT scheme, it is natural to ask whether the MMSE/MRT scheme always achieves a strictly better outage performance. This is indeed the case in the high SNR regime, as shown in the following corollary.
Corollary 3: In the high SNR regime, the outage probability of dual-hop AF relaying system with the MMSE/MRT scheme is strictly smaller than that of the MRC/MRT scheme.
Proof: See Appendix C-D.
D. Large N Analysis
In this section, we look into the large N regime with fixed M , and examine the asymptotic behavior of the three proposed schemes. We have the following key result.
Theorem 7: When N → ∞, the end-to-end SINR of the ZF/MRT and the MMSE/MRT schemes converges to
and the corresponding outage probability is given by
Proof: See Appendix D. A close observation reveals that the asymptotic SINR γ ∞ presented in Theorem 7 is equivalent to the end-to-end SNR of the same dual-hop AF relaying system without CCI at the relay, which suggests that, when N is large, CCI at the relay has no impact on the ZF/MRT and the MMSE/MRT schemes. However, this is not the case for the MRC/MRT scheme. Let us make a careful scrutiny of the interference term
in (6). It can be readily observed that U 1 is a hyper-exponential random variable which is independent of N . Hence, for the MRC/MRT scheme, the effect of CCI persists even in the large N regime. This implies that in the presence of CCI, if the relay is equipped with a large number of antennas, adopting linear diversity combining schemes with superior interference suppression capability such as ZF/MRT and MMSE/MRT is preferred over the simple MRC/MRT scheme. 
E. Comparison of the Proposed Schemes
We now provide a more concrete comparison for the three different schemes studied. In the preceding analysis, the channel state information (CSI) requirement to perform relay precoding was not explicitly revealed. In practice, the acquisition of CSI involves additional feedback overhead, which must be considered in the design of wireless systems. On the other hand, if a large amount of CSI is available at the transmitting node, more sophisticated transmission schemes could be designed to improve the transmission efficiency and to achieve a better performance. Therefore, in order to make a fair comparison among the three different schemes, the CSI requirement of each individual scheme must be characterized. Table I gives a comparison of the MRC/MRT, ZF/MRT and MMSE/MRT schemes.
IV. NUMERICAL RESULTS AND DISCUSSION
In this section, we present numerical results to validate the analytical expressions derived in Section III. Note, the integral expressions presented in Theorem 1 and Theorem 5 are evaluated numerically with the build-in functions in Matlab, i.e., the "quad" command, and we choose the default absolute error tolerance value 1.0 × 10 −6 to control the accuracy of the numerical integration. In all simulations, we set γ th = 0 dB, ρ Ii = 0 dB, ∀i = 1, ..., M , μ = 1, and all results are obtained with 10 8 runs. Fig. 2 shows the outage probability of the dual-hop AF relaying system with the MRC/MRT scheme for different M and N . As illustrated, the analytical results are in exact agreement with the Monte Carlo simulations, which demonstrates the correctness of the analytical expression given in (7) . Also, the proposed lower bound is sufficiently tight across the entire SNR range of interest, and becomes almost exact in the high SNR regime (i.e., ρ 1 ≥ 15 dB), while the high SNR approximation works quite well even at moderate SNR values (i.e., ρ 1 = 15 dB). In addition, we observe that increasing N reduces the outage probability by improving the diversity order of the system, while increasing M degrades the outage performance by reducing the array gain of the system. Fig. 3 illustrates the outage probability of the dual-hop AF relaying system with the ZF/MRT scheme for different M and N . It is observed that, for fixed M , increasing the antenna number N yields a significant outage improvement, since the achievable diversity order of the system is N − M . Moreover, comparing the curves associated with N = 4, M = 3 and N = 3, M = 2, we observe that, when N − M is fixed, the outage probability difference between different M , N pairs is almost negligible, and disappears in the high SNR regime, as shown in Theorem 4. Fig. 4 examines the outage probability of the MMSE/MRT scheme for different M and N . It can be readily observed that the analytical curves are in perfect agreement with the Monte Carlo simulation results, and the proposed lower bound and the high SNR approximation are sufficiently tight. In addition, similar to the MRC/MRT scheme, we see that the MMSE/MRT scheme achieves a diversity order of N . Fig. 5 shows the outage probability of the MMSE/MRT scheme when the equal interference power assumption is no longer valid. As we can clearly observe, for a given total interference power, the gap between the analytical results and Monte Carlo simulations is sufficiently small, especially for the low interference power case where the difference is almost negligible. In addition, we see that the curves associated with the equal interference power case have the worst outage performance. Hence, our analytical results could be used to serve as an tight outage upper bound in case of arbitrary interference power profiles. Fig. 6 compares the outage performance of the three relay precoding schemes under different cases of interference power, i.e., weak interference ρ I = 0 dB and strong interference ρ I = 10 dB. We observe the intuitive result that, the outage performance of the MRC/MRT and the MMSE/MRT schemes degrades when the interference power becomes stronger, while the outage performance of the ZF/MRT scheme remains the same regardless of the interference power levels. Comparing different curves, we see that the MMSE/MRT scheme always attains the best outage performance, and the ZF/MRT scheme outperforms the MRC/MRT scheme at the low SNR regime, especially when the interference power is large. Fig. 7 illustrates the impact of relay antenna number on the outage performance of the proposed schemes with fixed source and relay transmit power. We observe that the MMSE/MRT scheme always has the best outage performance, while the MRC/MRT scheme outperforms the ZF/MRT scheme when N is small, and becomes inferior to the ZF/MRT scheme when N is large. Moreover, the outage decay rate of the ZF/MRT and MMSE/MRT schemes is almost the same, which is higher than that of the MRC/MRT scheme. In other words, the minimum required antenna number N to achieve a certain outage probability is smaller for the ZF/MRT and MMSE/MRT schemes compared with the MRC/MRT scheme.
V. CONCLUSION
We investigated the outage performance of a dual-hop AF multiple antenna relaying system employing the MRC/MRT, ZF/MRT and MMSE/MRT schemes in the presence of CCI. Exact analytical expressions for the outage probability of all three schemes were derived, which provided a fast and efficient means of evaluating the performance of the system. Moreover, simple and informative high SNR outage approximations were presented, which enabled the characterization of the impact of key parameters, such as relay antenna number N , number of interferers M and interference power on the outage performance of the system. Our findings suggest that both the MRC/MRT and MMSE/MRT schemes achieve the full diversity order of N , while the ZF/MRT scheme achieves a diversity order of N − M . In addition, the MMSE/MRT scheme always attains the best outage performance, and the ZF/MRT scheme outperforms the MRC/MRT scheme in the low SNR regime, while the opposite holds in the high SNR regime. Finally, we have shown that, in the asymptotically large N regime, perfect interference cancellation can be achieved by using the ZF/MRT and the MMSE/MRT schemes.
APPENDIX A PROOF FOR THE MRC/MRT SCHEME

A. Proof of Theorem 1
We start by expressing the end-to-end SINR given in (6) as
. It is easy to observe that y 1 and y 2 are i.i.d. random variables with the p.d.f.
Also, according to [19] 
The outage probability of the system can be computed by
To this end, invoking the result presented in [18, Lemma 3] , we can obtain the following outage probability expression conditioned on U 1 ,
where B = (γ th +1)γ th ρ1ρ2
(U 1 + 1) The desired result can be obtained by averaging over U 1 , along with some simple basic algebraic manipulations.
B. Proof of Corollary 1
The end-to-end SINR can be upper bounded by
Since y 1 , y 2 , U 1 are independent random variables, the outage probability of the system can be lower bounded by
Conditioned on U 1 , Prob y1ρ1 U1+1 ≥ γ th can be computed as
The next step is to average over the distribution of U 1 . After some algebraic manipulations, we arrive at
Now, we look at the second part, Prob (y 2 ρ 2 ≥ γ th ), which can be computed as
To this end, substituting (41) and (42) into (39) yields the desired result.
C. Proof of Theorem 2
Starting from (39), conditioned on U 1 , the outage probability of the MRC/MRT scheme can be lower bounded by 
Similarly, we get
Hence, the outage lower bound conditioned on U 1 can be approximated as
To this end, the remaining task is to compute the expectation of (1 + U 1 ) N . Applying the binomial expansion,
and averaging over U 1 , we get
Substituting (48) into (46) yields the desired result.
APPENDIX B PROOF FOR THE ZF/MRT SCHEME
A. Proof of Proposition 1
Substituting w 1 H I = 0 and |w 1 | = 1 into (12), we have
It should be noted that the power constraint constant ω is also dependent on the combining vector w 1 via the following relationship
Hence, we have
Now, it is easy to show that γ ZF is an increasing function with respect to |w 1 h 1 | 2 . Therefore, the original optimization can be alternatively formulated as
To this end, the desired result can be obtained by following the similar lines as in the proof of [31, Proposition 1].
B. Proof of Theorem 4
In the high SNR regime, the end-to-end SINR γ ZF can be tightly bounded by
Hence, the outage probability of the system can be tightly lower bounded by
Due to the independence of random variables y 2 and y 3 , the outage lower bound can be written as
Invoking the asymptotic expansion of incomplete gamma function [25, Eq. (8.354 .
2)], we have
It is obvious that the first item in (56) is negligible when compared with the second item in (56). Therefore, the desired result can be obtained after some simple algebraic manipulations.
APPENDIX C PROOF FOR THE MMSE/MRT SCHEME
A. Proof of Proposition 2
The random variable Z can be alternatively expressed as
where I denotes the unit matrix. Now define R = H I H † I + 1 ρI I, then the MMSE combining vector w 1 can be written by
Applying the well-known matrix inversion lemma, (59) can be simplified as
.
Then, following the same lines as in the derivation of the N ≥ M case, we get (71) shown on the top of the next page.
To this end, the desired result can be obtained by appropriately choosing certain parameters.
B. Proof of Theorem 5
Starting from the end-to-end SINR presented in (24) , the outage probability of the system can be expressed as 
and t−γ th /ρ2 . To this end, after some tedious algebraic manipulations, solving the integrals I 2 and I 3 yields the the desired result.
C. Proof of Corollary 2
Hence, the outage probability can be lower bounded by
≥ Prob (min (Z, y 2 ρ 2 ) ≤ γ th ) .
Due to the independence of y 2 and Z, the outage probability lower bound can be computed as 
To this end, invoking the c.d.f. of Z given in Proposition 2 and the p.d.f of y 2 , the desired result can be obtained after some simple algebraic manipulations.
D. Proof of Corollary 3
To prove the statement, we only need to show that A MRC > A MMSE , where 
Substituting (90) into (24), we have
Given the asymptotic SINR, the desired outage probability can be computed by following the similar lines as in the proof of Theorem 3.
